The Lotic Intersite Nitrogen eXperiments (LINX I and II) were a series of replicated in situ manipulations of 15 N across biomes and land-uses designed to assess the factors that control the removal, retention, and ultimate fate of inorganic nitrogen in stream ecosystems. By studying streams at the continental scale, the lessons learned provide some of the best data available to understand the functional role of streams across the landscape, the management implications of nitrogen uptake in streams and rivers, and the value of small streams in elucidating fundamental principles of ecosystem science. Because small streams are characterized by high throughput and low standing stocks of primary producers and stored carbon and nutrients, they provide unique opportunities to assess the fundamental drivers of nitrogen cycling that would be difficult to conduct in other ecosystems. In addition to the water quality implications of understanding controls on nitrogen delivery to downstream systems, LINX I and II also provide unique insights for ecosystem science and stream ecology more broadly. Here we review a series of ecosystem and network-scale lessons that can be inferred from LINX I and II. We then propose three emergent research questions motivated by the LINX projects which are amenable to future continental-scale work. LINX I and II also demonstrate the value of a highly collaborative, distributed approach to ecosystem science that requires each member of the team to conduct a standardized protocol while simultaneously encouraging team member to improve protocols and develop cross-site projects in his or her specific area of expertise.
INTRODUCTION
Due to their position on the landscape, streams, and rivers uniquely connect the terrestrial, sub-surface, groundwater, atmospheric, and ocean components of the earth system. Resulting from the hydrological connectivity among these components, stream and river networks serve as effective transport and erosive systems, aptly expressed by Leopold et al. (1964) as "the gutters down which flow the ruins of continents." At the same time as they act as dominant agents in the Earth's fluvial systems, streams and rivers are also powerful biological reactors in which elemental fluxes are influenced by microbial biogeochemical engines as well as primary production by benthic and planktonic algae or higher plants (Bernhardt et al., 2018) . Despite an increased recognition of streams and rivers as both transporters and transformers of terrestrial inputs we are likely underestimating the role that streams and rivers play in regulating critical ecosystem and landscape-scale processes such as carbon (C) and nitrogen (N) delivery to the oceans, the venting of greenhouse gases (GHG) to the atmosphere (Cole et al., 2007; Raymond et al., 2013; Hotchkiss et al., 2015) and depositional processes. Perhaps even more important, is the extent to which running waters have been cryptic at the landscape scale due to maps and remote sensing that lack sufficient spatial resolution to quantify them. Recent advances in remote sensing have begun to rectify this situation, however. Initial estimates of the global surface area of streams and rivers derived from scaling properties (Downing et al., 2012) have been revised upward by 44% using satellite imagery (Allen and Pavelsky, 2018) . The combination of more detailed imagery and increased number of studies reporting on gas evasion has led to multiple upward revisions of global evasion fluxes from aquatic environments (Richey et al., 2002; Cole et al., 2007; Raymond et al., 2013; Drake et al., 2018) . These examples suggest that stream and river networks play a larger role in global biogeochemical cycles than previously recognized.
One of the best examples of a continental and landscapescale effort to understand stream ecosystems are the LINX (Lotic Intersite Nitrogen eXperiments) projects (Peterson et al., 2001; Mulholland et al., 2008; Hall et al., 2009 ). Both LINX I and II were motivated by contemporary trends in N loading to both terrestrial and aquatic ecosystems resulting from fossil fuel combustion, N-fertilizer application, and human and animal waste (Vitousek et al., 1997; Carpenter et al., 1998) . These highly collaborative projects sought to understand the controls on inorganic N cycling in streams across biomes and gradients of land-use through a series of replicated in situ 15 N manipulative experiments. LINX I focused on ammonium (NH + 4 ) while LINX II focused on nitrate (NO − 3 ) in order to elucidate the pathways and fate of these forms of dissolved N. Many of the current paradigms through which we view N cycling in aquatic ecosystems are a direct result of the LINX projects including the heavy focus on inorganic N (Figure 1) . These rich and highquality data sets continue to be explored for novel insights into N biogeochemistry and the controls on N uptake and export long after the initial publications from the projects (e.g., Wymore et al., 2016; Marzadri et al., 2017; Grant et al., 2018) .
Our objective in this review is to provide both retrospective and forward-looking perspectives inspired by the LINX projects relevant to the broader field of ecosystems ecology. To accomplish this, we first provide a brief overview of LINX I and II and then identify four lessons learned from these projects. We next discuss a series of emerging research questions that result from the advances made during the LINX projects, which are amenable to a next generation of continental-scale investigations.
BRIEF OVERVIEW OF LINX I AND II
Measured in total kilometers, the global network of streams and rivers is comprised of ∼85-90% low-order streams (1st−3rd; Allan and Castillo, 2008) , and these headwaters play a quantitatively significant role in modulating the export of N to downstream receiving waters (Peterson et al., 2001; Mulholland et al., 2008) . Low-order streams can remove upwards of 75% of the NO − 3 received from the catchment (Mulholland et al., 2008) with rates of N removal declining with increases in channel size (Alexander et al., 2000; Peterson et al., 2001) . The effectiveness of low-order streams in retaining and removing solutes is a result of their tight connection with the surrounding landscape (Gomi et al., 2002) and a high sediment surface-area to water volume ratio (Alexander et al., 2000; Peterson et al., 2001) . Due to the effectiveness of low-order streams in removing N, watershed management is often focused on enhancing removal processes with the objective of improving water quality.
The LINX projects focused primarily on directly measuring in situ rates of 15 NH + 4 and 15 NO − 3 uptake in lower-order streams and the fate of this labeled N once it was removed from the water column. By using an identical experimental protocol at each site and consistent approaches to sampling and chemical analysis, the design of these experiments provided a powerful approach to understanding controls on inorganic N dynamics in streams that spanned North America and the Caribbean. To quantify uptake, both LINX I and II used the framework and metrics of nutrient spiraling ( Table 1; Newbold et al., 1981; Stream Solute Workshop, 1990 ) and tracked both assimilatory and dissimilatory metabolic pathways (e.g., biotic uptake, nitrification, and denitrification) using isotopically labeled N. LINX I included 12 headwater streams across a diverse set of North American biomes and consisted of a continuous 15 NH + 4 addition for 6 weeks (Mulholland et al., 2000 (Mulholland et al., , 2002 Peterson et al., 2001) . This allowed for the quantification of rates of NH + 4 uptake and nitrification. By tracking the pulse of 15 NO − 3 that was created by nitrification of 15 NH + 4 , it also provided rates of NO − 3 uptake. LINX II included 72 streams that spanned a broad range of watershed land use (urban, agriculture, and forested; Mulholland et al., 2008; Hall et al., 2009 ) and consisted of short-term (24 h) additions. The use of an isotopically labeled nutrient added at tracer levels allowed for the analysis of the fate of inorganic N under ambient conditions. In LINX II, a small mass of very highly enriched 15 NO − 3 was added, which allowed for quantification of each nitrogenous end-product, including 15 N 2 , without appreciably changing the background concentrations of NH + 4 and NO − 3 . Resulting both directly and indirectly from the success of LINX I and II, is a rich body of literature regarding stream nutrient cycling across biomes at multiple scales, from the reach to entire river network.
Lesson 1: Network Structure Interacts With N Availability to Determine Distribution of Nutrient Retention
Headwater streams can serve as biogeochemical hotspots due to their high surface-area to volume ratios, which results in increased contact time with the stream benthos. This physical property of headwater streams makes them prime sites for the transformation of inorganic N, frequently resulting in the retention of >50% of catchment N inputs in the form of NH + 4 (Peterson et al., 2001) . Across the river network for example, uptake length (S w , usually expressed in meters), correlates positively with stream discharge (r 2 = 0.71). And with the lower discharge that characterizes low-order streams, uptake lengths Determine rates of NH + 4 uptake and nitrification across biomes (Mulholland et al., 2000 (Mulholland et al., , 2002 Peterson et al., 2001) LINX II 15 N-NO − 3 Determine rates of NO − 3 uptake and denitrification and the role of land-use on denitrification (Mulholland et al., 2008; Hall et al., 2009) 
Uptake metric Unit Definition
Uptake Length (S w ) L Average distance traveled by a solute before removal from the water column are often shorter in these systems (Peterson et al., 2001) . Uptake length has traditionally been defined as the average distance traveled by a solute before removal from the water column and is assumed to result from the utilization of a nutrient by the microbial or autotrophic community (Newbold et al., 1981) . Across North America, denitrification accounts for ∼20-30% of NO − 3 uptake and nitrification accounts for 16% of the total NH + 4 removal in headwater streams (Peterson et al., 2001; Mulholland et al., 2008) . One of the major findings from LINX II was that when NO − 3 was abundant at the watershed scale, the proportion of NO − 3 removed via uptake declined across the network (Mulholland et al., 2008 ; Figure 2 ). Increased loading of NO − 3 results in increases of both assimilatory uptake and denitrification, but river basin NO − 3 exports increase disproportionately relative to inputs. Put another way, as environmental degradation and impact accelerate and watershed inputs of N increase, the ability of streams to remove added N becomes proportionately less effective even though stream water concentrations of inorganic N continue to increase. This observation holds across streams of various size and ultimately results in nearly all watershed-inputs of inorganic N being exported to downstream receiving ecosystems under very high loading. These results directly point to the ability of headwater stream ecosystems to affect the distribution of reactive N at the landscape and network scale and the observed saturation in NO − 3 removal rates indicate that there are upper limits to this critical ecosystem service.
Understanding saturation also requires recognition that the various processes within the N cycle saturate at different points along trajectories of N loading. For example, assimilatory demand for N saturates prior to denitrification, which in turn, saturates prior to nitrification (Bernot and Dodds, 2005) . While streams may be active sites of N uptake at the landscape scale, these different points of saturation have the potential to exacerbate concentrations of NO − 3 and downstream exports (Bernot and Dodds, 2005) . Points of saturation may also be influenced by other factors including the availability of carbon (Johnson et al., 2009) , light (Lowe et al., 1986) and phosphorus, which can become limiting to primary productivity in high-N streams (Earl et al., 2006) . Saturation also occurs at the network scale whereby rates of nutrient supply outpace demand and rates of removal. This "network-scale saturation" (Wollheim et al., 2018) is evident in declining effectiveness of N removal mechanisms in headwaters, and subsequent transport of large quantities of NO − 3 downstream Mulholland et al., 2009 ). As NO − 3 concentrations increase in small streams, the resulting increase in NO − 3 export shifts the site of most N removal downstream to larger rivers. This indicates that N inputs and associated removal processes can be highly separated in space and time creating a mosaic of N processing rates within and across river networks. It should be noted that saturation of N removal can still occur in higher-order rivers resulting in little to no removal/processing at the network scale (Wollheim et al., 2018) . While headwaters prove to be a highly effective component of the river network (Bernot and Dodds, 2005) , ultimately it is the whole stream network that drives N removal based on landscape-scale inputs and heterogeneity in the demand for N by in-stream biota at the network-scale.
This lesson in particular has major implications for watershed management and water quality. The widespread conversion of landscapes for intensive agricultural production can be expected to contribute even more to the excessive loading of nutrients to streams and rivers and the eutrophication of coastal ecosystems (e.g., National Research Council, 2000; Rabalais, 2002 ). Yet evidence clearly indicates that intentional efforts to control the loading of biologically available forms of N to aquatic ecosystem are highly effective, including reduction in the application of N-rich fertilizers (McIssac et al., 2001) and restoration of riparian buffers (Vellidis et al., 2003) .
Lesson 2: N Biogeochemistry Is Driven by Energetic Constraints
Although low-order streams can be highly effective at nutrient removal, rates of inorganic N uptake also show a high degree of inter-site variability with rates spanning orders of magnitude. Measured as uptake velocity (V f : length time −1 ) to account for the influence of variation in physical parameters among streams, rates of NH + 4 removal from the water column are often higher than those of NO − 3 [NH + 4 : 1.8-42 mm/min (Peterson et al., 2001) ; NO − 3 : 0.024-17.9 mm/min ]. Because NH + 4 can serve as an energy source in the process of nitrification, as well as a form of N that can be readily assimilated, it is typically the form of N found at lowest concentrations in running waters. Although NH + 4 uptake due to nitrification accounted for approximately one-fifth to a third of the total NH + 4 uptake across all LINX sites (Peterson et al., 2001) , in the tropical streams of Puerto Rico nitrification approached half of total NH + 4 removal from the water column (Merriam et al., 2002) .
Higher rates of NH + 4 than NO − 3 uptake are often attributed to the fact that NH + 4 uptake requires fewer reduction steps prior to assimilation providing a more energetically favorable source of N (Webster et al., 2003; O'Brien and Dodds, 2010) . It is important to acknowledge that differences in V f can be misleading when making conclusions about energetically favorable biogeochemical pathways. V f is often calculated as the quotient of areal uptake and concentration (V f = U/C). A more parsimonious explanation for the consistently lower V f values of NO − 3 relative to NH + 4 is that NO − 3 is often found in greater concentrations across aquatic ecosystems. Inferences regarding V f must therefore be treated with caution.
Changes in riparian canopy cover associated with land use directly influence rates of gross primary productivity (GPP) and indirectly, NO − 3 uptake. Higher rates of GPP are associated with shorter S w and increased V f demonstrating the role of autotrophs in regulating NO − 3 uptake since total NO − 3 uptake showed no clear patterns with respiration (Mulholland et al., 2000 (Mulholland et al., , 2008 Hall et al., 2009 ). Rates of GPP in turn were influenced by land use where agricultural and urban streams, with less canopy cover, promoted greater GPP, compared to references sites that were more shaded . In contrast to total NO − 3 uptake, rates of denitrification (V f −den ) were related to ecosystem respiration (ER), which tends to decrease DO concentrations and thereby increases the likelihood that metabolic demand for an alternative electron acceptor like NO − 3 will be significant (Mulholland et al., 2008 . The strong relationship between denitrification and ER in streams where surface water is largely oxic suggests that low DO hot spots associated with higher overall respiration are common and result in increased rates of denitrification at the whole-reach scale .
Uptake metrics also differed with land-use where nitrate areal uptake (U; mass area −1 time −1 ) was greater in agricultural and urban sites compared to reference sites (Mulholland et al., 2008; Hall et al., 2009 ). However, unlike areal uptake, NO − 3 V f was not associated with variation in land use. Rather, V f decreased with increasing NO − 3 concentrations, indicating a decline in the effectiveness of the microbial community at removing and retaining NO − 3 with increasing NO − 3 concentrations. This pattern was persistent across multiple sites (Mulholland et al., 2008; Hall et al., 2009 ).
Lesson 3: In-stream Processes Alter the Form and Abundance of the Reactive N Pool
Changes to the composition of the reactive N pool due to nutrient loading may have profound biogeochemical implications for aquatic ecosystems and communities. One unanticipated yet significant discovery of LINX I and II was the incorporation of both isotopically labeled 15 NH + 4 and 15 NO − 3 into dissolved organic N (DON). Across forested watersheds, for example, labeled NH + 4 accounted for ∼4-10% of exported DON (Ashkenas et al., 2004) . These values likely represent an underestimate however, due to a sampling protocol that only targeted the end of the experimental manipulation and no cumulative or temporal measurements of DON production via this autochthonous pathway were accounted for. In LINX II, labeled DON was found in 26 of 36 streams and from across different land-use types (Johnson et al., 2013) after only 24 h of 15 NO − 3 addition. These results demonstrate that in-stream biogeochemical processes can alter the form and abundance of the reactive N pool, and the cycling of DIN "back" to DON suggests feedbacks between the inorganic and organic fractions of the total dissolved N pool which have received relatively little attention in the literature. And while terrestrially derived and N-rich dissolved organic matter has been shown to serve as an important nutrient source to aquatic microbial communities (Johnson et al., 2013; Wymore et al., 2015; Kissman et al., 2017) , it is not clear how this newly synthesized DON may influence other biogeochemical reactions. If the DON that results from these pathways differs in bioavailability, sorption capacity, or overall reactivity relative to the originally labeled NH + 4 or NO − 3 , then we can expect other biogeochemical consequences including altered rates of mineralization and nitrification which may be important at the network scale.
Lesson 4: The Influence of Streams on the Earth System
Due to their position in the landscape, streams connect multiple components of the earth's surface and biosphere. This includes critical landscape-stream-atmosphere interactions that influence GHG emissions. As both nitrification and denitrification are potential sources of N 2 O to the atmosphere, quantifying GHG emissions from stream networks is critical for accurate predictions and models. This is especially important given the global warming potential of N 2 O (275× that of CO 2 ) and the recent upward revision to the total surface area of streams and rivers on the earth's surface (Allen and Pavelsky, 2018) . The role of nitrification in the production of N 2 O in lotic and freshwater ecosystems however, remains unresolved (Seitzinger and Kroeze, 1998; Harrison and Matson, 2003; Beaulieu et al., 2008 Beaulieu et al., , 2011 . While we recognize the role of denitrification in producing N 2 O, we choose to focus this lesson on some of the unique insights gained from LINX I and II regarding nitrification and its potential links to GHG production.
The high rates of nitrification often reported through nutrient addition experiments in headwater streams (Peterson et al., 2001; Beaulieu et al., 2008; Koenig et al., 2017b) , suggest a potentially substantial production of N 2 O that has not been clearly quantified. Ammonium is rapidly transformed in streams through nitrification, which results in the appearance of isotopically labeled NO − 3 from addition of 15 NH + 4 (Mulholland et al., 2000) and at the continental scale, nitrification in small streams accounts for 20-30% of total NH + 4 uptake (Peterson et al., 2001) . A great deal of uncertainty remains however, regarding the connection between nitrification and N 2 O production and in-stream vs. groundwater processes in generating the N 2 O found in streams. Across streams with relatively high NO − 3 concentrations in the midwestern US, rates of nitrification are on par with those of denitrification, yet N 2 O yield was more associated with rates of denitrification and concentrations of NO − 3 (presumably from the agricultural landscape) rather than nitrification (Beaulieu et al., 2008) . In the assessment of N 2 O production via denitrification in LINX II however, in-stream denitrification only accounted for 26% of the total emitted N 2 O and the vast majority of NO − 3 that was denitrified was lost as N 2 rather than N 2 O (Beaulieu et al., 2011) . It is theoretically possible for nitrification to account for >50% of N 2 O emission from headwater streams (Beaulieu et al., 2011) . Current reports from the Intergovernmental Panel on Climate Change (IPCC, 2018) assume that nitrification produces twice as much N 2 O relative to denitrification in streams and rivers globally; thus, quantifying and understanding the spatial and temporal variability in N 2 O yield via nitrification from streams and rivers is essential.
Certain dogma regarding the controls on nitrification are not particularly well supported by field data. For example, it is commonly accepted that heterotrophs outcompete nitrifiers for NH + 4 in the presence of available carbon (Bernhardt and Likens, 2002; Dodds et al., 2004; Starry et al., 2005) . Contrary examples exist however, that challenge this "heterotrophs first" perspective and the role of dissolved organic carbon in regulating rates of nitrification, raising questions regarding the distribution of nitrification hotspots across the landscape. Streams draining deciduous forests for example, can have very high rates of nitrification even though organic matter inputs remain high (Richey et al., 1985; Mulholland et al., 2000) while in agricultural streams nitrification rates were positively associated with sediment carbon content (Beaulieu et al., 2011) . Furthermore, small headwater streams in the Luquillo Mountains of Puerto Rico, which are generally considered energy rather than N limited, show a high degree of variability in the proportion of NH + 4 uptake accounted for by nitrification with rates varying both temporally and spatially (Koenig et al., 2017b) .
EMERGING RESEARCH QUESTIONS AMENABLE TO THE NEXT GENERATION OF CONTINENTAL-SCALE INVESTIGATIONS
Although the LINX projects provide substantial insights into N cycling, numerous research questions can be identified regarding other controlling processes on the N cycle within river networks. Here we identify three emerging questions (EQs) which offer opportunity to understand N cycling dynamics in greater detail and which are amenable to continental-scale investigation similar to LINX I and II. We assert that these questions, which are well-suited to whole-ecosystem experimental studies in streams, are of broader ecological significance. They would illuminate fundamental aspects of the N cycle and ecosystem function which are not readily addressed with whole-system manipulations in other environments such as lakes or forests.
EQ 1: How Does Variability in DOM Composition Influence N Processing?
Both the concentration and composition of dissolved organic matter (DOM) influence N-cycling processes in aquatic ecosystems such as biotic uptake and nitrification (Strauss and FIGURE 3 | Hypothesized relationship between dissolved organic matter (DOM) C: N ratios (DOC: DON) and nitrification. Systems with high DOC: DON ratios will have high NH + 4 uptake rates dominated by heterotrophic assimilatory demand driven by the low N content of DOM. In contrast, systems where the DOC: DON ratio is relatively low show have more NH + 4 available for nitrification since the DOM pool can provide nutrients. In turn, nitrification will lead to increased concentrations of NO − 3 leading to greater export at the network scale.
Lamberti, 2002; Bernhardt and McDowell, 2008; Fork and Heffernan, 2014) . It is thus essential to consider the over-arching hypothesis that DOM composition, and not just quantity, influences N cycling processes. Connecting the composition of DOM to other biogeochemical cycles is challenging due to the inherent molecular diversity of DOM, with hundreds of thousands of recognized compounds found in environmental samples (e.g., Kellerman et al., 2014) . This limits the prospect of manipulative studies to understand how the diversity of DOM drives biogeochemical cycles. Previous studies have rightfully simplified this challenge via the addition of single compounds (e.g., glucose, acetate; Thouin et al., 2009) or single sources (e.g., leaf litter leachate: Bernhardt and McDowell, 2008) . Inferences regarding the effects of DOM composition on the N cycle and associated gas fluxes are thus limited in scope and must be interpreted with caution.
One of the most direct and simple assessments of DOM composition and potential bioavailability is through its bulk C: N ratio (i.e., DOC: DON). We can hypothesize, for example, that rates of nitrification should be higher in those systems in which the DOM has lower DOC: DON ratios due to the availability of organic N to satisfy nutrient demands (Figure 3) . This has been demonstrated in laboratory incubations by altering the ratio of L-lysine acetate and sodium acetate . Abundant and available DON should reduce competition between heterotrophs and nitrifiers for NH + 4 , which should maintain higher rates of nitrification. In turn, this would increase NO − 3 production and potentially NO − 3 exports at the network scale if nutrient demand is satisfied.
Certain forms of DON may provide a source of NH + 4 through depolymerization and mineralization that could increase rates of nitrification. Similarly, N availability through the DOM pool should reduce rates of assimilatory demand for NO − 3 affecting rates of denitrification. Techniques such as 15 N isotopic pool dilutions could be used to assess protein depolymerization through gross amino acid production (Wanek et al., 2010) . This type of tracer enrichment has been used successfully in soil and litter-bag studies to ascertain whether depolymerization or mineralization is the rate-limiting step in the N cycle (Schimel and Bennett, 2004; Wanek et al., 2010; van Groenigen et al., 2015) . Here we suggest that these pool dilution techniques could be used to assess how the production of inorganic N varies across environmental and disturbance gradients and with changes in DOM composition. Establishing these relationships would provide fundamental insights into how C and N cycles are linked across aquatic ecosystems and various sources of organic matter. As far as we know, these relationships have not been investigated in streams and rivers at any scale including in situ manipulations or at the landscape scale.
Recent advances in high-resolution analytical chemistry techniques (e.g., pyrolysis GC/MS, Fourier Transformation Ion Cyclotron Resonance MS) provide powerful insights into how the chemistry and molecular structure of DOM vary over space and time and can provide insight into how variability in DOM composition relates to the cycling of inorganic N. Relevant DOM variability can be described at relatively coarse levels of resolution such as the relative abundance of Ncontaining compounds (e.g., Lusk and Toor, 2016; Pisani et al., 2017) or how the 3-D molecular structure determines the availability of N and the energy expenditure required for acquiring nutrients from the ambient pool of DOM. For example, some sources of N can be more easily accessed such as terminal amine groups, while others may exist in more protected and unavailable forms such as heterocyclic organic molecules that stabilize the N through multiple covalent bonds. Sampling efforts across broad environmental gradients and from multiple sources of organic matter that enter aquatic ecosystems would allow for the assessment of how variability in DOM composition relates to N cycling processes as well as the role of landscape characteristics and climatic variability in influencing biogeochemical interactions.
Inferences made by comparing DOM composition to rates of N cycling must be treated with caution, however. Comparing gross rates of N cycling (made possible through isotopic labels) to the net effects of metabolic processes on DOM composition is effectively a comparison of a given reaction rate to the substrate that did not participate in the reaction. This may explain why metrics of DOM composition can at times fail to provide little predictive capacity of nutrient uptake metrics (e.g., Rodríguez-Cardona et al., 2016) . Connecting DOM source to in-stream reactions offers one solution to this experimental limitation. A detailed assessment of the fate of various DOM sources that are rapidly utilized, and do not appear in the DOM pool at measurable levels, is central to a better understanding of DOM-N interactions. The approximate doubling of reactive N due to human activities has resulted in a corresponding increase in riverine N loading Green et al., 2004) . This increase in N loading has resulted in an increase in N 2 O emission rates from inland waters, with estimates ranging over orders of magnitude from 0.01 to 2.1 Tg N 2 O-N yr −1 (Seitzinger and Kroeze, 1998; Cole and Caraco, 2001; Kroeze et al., 2005; Beaulieu et al., 2011; Syakila and Kroeze, 2011; Hu et al., 2016; Maavara et al., 2019) . These highly variable numbers suggest that riverine fluxes of N 2 O could account for anywhere between 0.1 and 31% of the anthropogenic production of N 2 O from land (Ravishankara et al., 2009) although it should be noted that the most recent estimates place global fluxes on the lower end of the reported range (Hu et al., 2016; Maavara et al., 2019; Webb et al., 2019) . Unlike soils, however, small changes in the molar ratio of N 2 : N 2 O in resident pools from inland waters could result in large changes in greenhouse gas production. Molar ratios of N 2 : N 2 O in soils are ∼1:1, but in freshwater ecosystems the ratio is ∼99:1, and only small changes in the molar ratio of N 2 : N 2 O are needed to create large absolute changes in the amount of N 2 O produced (Beaulieu et al., 2011) .
Given the projected increase in N loading to fluvial ecosystems and uncertainties surrounding global emission estimates, there is a clear need to improve understanding of N 2 O dynamics to more accurately model and predict emissions from streams and rivers Boyer et al., 2006; Hu et al., 2016; Quick et al., 2019) . Refining emission estimates is critical for informing possible mitigation strategies in response to increasing anthropogenic N 2 O emissions particularly those regarding the balance between nitrification and denitrification as drivers of N 2 O production (Maavara et al., 2019; Quick et al., 2019) .
Many N 2 O producing pathways have similar yet not identical environmental optima (Quick et al., 2019) , making it difficult to interpret correlations between predictor variables and concentrations and fluxes of N 2 O. As a result, it is difficult to confidently assign certain processes to observed patterns. For example, nitrifier-denitrification (the oxidation of ammonia to nitrite followed by the reduction of nitrite to nitric oxide, N 2 O, and N 2 ; Wrage et al., 2001) is enhanced under both low concentrations of dissolved organic carbon (similar to nitrification) and low concentrations of dissolved oxygen (similar to denitrification) (Wrage et al., 2001) . Experiments using isotopic tracers similar to LINX could help elucidate dominant pathways; however, challenges exist with this approach. For example, added 15 NH 4 could be nitrified, producing either NO − 3 or N 2 O via the oxidation of hydroxylamine (NH 2 OH). These products of nitrification could then be subsequently denitrified to N 2 O or N 2 , or reduced back to NH + 4 via DNRA (Dissimilatory nitrate reduction to ammonium), which represents another pathway of N 2 O consumption (Sanford et al., 2012) . Due to the many fates of NH + 4 and the fact that N-cycling processes are strongly mediated by microbial activity, experiments using 15 NH 4 will need to be paired with characterization of microbial communities and enzyme activity assays to help disentangle the dominant pathways responsible for producing N 2 O.
In addition to disentangling dominant N 2 O production and consumption pathways, future work should investigate the importance of anammox in fluvial ecosystems. Anammox, the anaerobic oxidation of NH + 4 coupled to NO − 3 reduction, results in N 2 and may play an important role as an N loss pathway (Devol, 2003) . The anammox process as currently understood involves no, or at least lower, N 2 O emission when compared with denitrification and nitrification (Kampschreur et al., 2008) . While anammox accounts for over 50% of gaseous N loss as N 2 in marine ecosystems, the importance of this process in freshwater ecosystems has received less attention (Devol, 2003; Zhu et al., 2010) . Anammox hotspots are recognized to occur at terrestrial-aquatic interfaces (Zhu et al., 2010 (Zhu et al., , 2013 and oxicanoxic boundaries (Zhu et al., 2015) . These observations suggest that headwater streams that are connected to wetlands or have a high degree of connectivity between surface and hyporheic water may serve as important control points (sensu stricto Bernhardt et al., 2017) for anammox at the landscape scale. The ratio of anammox to nitrification and/or denitrification will influence the molar ratio of N 2 : N 2 O and ultimately the net fluxes of N 2 O from freshwater systems. Environmental conditions (e.g., oxygen availability, temperature) and the influence of land use in loading N to freshwater ecosystems play a large role in determining which N-cycling pathways are dominant at a given place and time.
EQ 3: How Do Concentrations and Fluxes of Nitrogen Respond to Increased Runoff From Watersheds?
Concentration-Discharge (C-Q) relationships are a fundamental tool for understanding the sources and transport of material from watersheds (Chorover et al., 2017) . C-Q analyses are particularly useful as they reflect the multivariate landscape-scale integration of the effects of source, hydrology, biogeochemical cycles, and state-factors including watershed size, vegetation, climate, soil, and lithology (e.g., Wymore et al., 2017) . Although this approach has been used to understand the various controls on solutes and sediments across diverse environments (e.g., Johnson et al., 1969; Godsey et al., 2009; Herndon et al., 2018; Rose et al., 2018; Wymore et al., 2019) , less attention has been given to the mobilization and transport of N and the implications for N cycling processes. And while certain forms of dissolved N (e.g., NO − 3 , DON) often do not appear to respond to changes in discharge across a broad range of flow conditions (Wymore et al., 2017; Coble et al., 2018) , concentrations of NO − 3 do respond to changes in flow during individual storm events (Koenig et al., 2017a; Bernal et al., 2019) even when the overall relationship between concentration and discharge is weak. A detailed examination of how the different forms of dissolved N respond to changes in flow across diverse environments would help to elucidate the relative contribution FIGURE 4 | A hypothetical relationship between sediment and runoff and rates of denitrification and N 2 O production associated with sediment load. Under elevated runoff, sediment concentrations increase due to the activation of addition flow paths and sources from the hillslope and watershed. The additional production of sediment will increase the abundance of anoxic microsites and conditions for denitrification and potentially N 2 O production. Note that this simplified model assumes no change in the size distribution of sediments which could influence rates of biogeochemical reactions.
of in situ-, hillslope-, and groundwater-based biogeochemical processes to fluvial exports of N.
It is widely recognized that high flow events are responsible for the majority of solute and sediment exports to fluvial networks and downstream ecosystems (Hilton et al., 2008; Raymond and Saiers, 2010; Inamdar et al., 2017) . Both solutes and sediment often display hysteresis at the event scale, defined as differences in concentration at the same interval of discharge on both the rising and falling limbs of the hydrograph. This results in distinct "hysteresis loops" and the directionality of the loop provides insight into where material is stored within watersheds and the role of water residence time in mobilizing material to the stream channel (Gellis, 2013; Koenig et al., 2017a; Rose et al., 2018; Wymore et al., 2019) . For example, it is inferred from clockwise hysteresis that sources are proximal to the stream channel and rapidly mobilized, whereas counterclockwise hysteresis reflects sources that are proximal to the stream channel with slow travel times or sources that are distal (i.e., further up a flow path) from the point of sampling.
Understanding the controls on the mobilization and transport of sediment to the stream networks would provide essential insights in the contribution of storms and extreme events to the export of N and in-stream dynamics that connect sediment production to NO − 3 biogeochemistry. Denitrification correlates positively with the concentration of suspended sediments (Liu et al., 2013) due to an abundance of anoxic microsites which facilitate the reduction of NO − 3 (Quick et al., 2019) . The relationship between sediments and NO − 3 biogeochemistry may have significant implications for NO − 3 removal from the river network and N 2 O production (Figure 4) . Sediments often display a strong flushing response to changes in discharge (e.g., Wymore et al., 2019) and typically show a distinct clockwise hysteresis (Gellis, 2013; Aich et al., 2014; Clark et al., 2017; Rose et al., 2018) . In addition to this strong response to precipitation and runoff, sediments and particle size distribution can also vary across sites as a function of lithology (e.g., Larsen, 1997; Pike et al., 2010; Phillips and Jerolmack, 2016) with storm magnitude influencing the heterogeneity of the transported particle load. This may be of importance in those environments that transport disproportionately large quantities of sediment such as the tropics (Schlesinger and Bernhardt, 2013) while also maintaining relatively high levels of NO − 3 due to nitrification (Koenig et al., 2017b) .
CONCLUSIONS
Efforts of both LINX I and LINX II demonstrate the immense value of headwater streams at the network scale through the ecosystem services which they provide that directly benefit society. Historic destruction of streams too small to warrant a blue line on the map has likely had major effects of watershed N-flux in many regions. Efforts to study, protect, restore, and highlight the functionality of headwater streams are critical to manage pollution and enhance water quality in downstream navigable waters as mandated by the Clean Water Act (Alexander et al., 2007) . Understanding how headwater streams and navigable water are physically, chemically, and biologically connected is essential for establishing the jurisdiction and effectiveness of the Clean Water Act.
The lessons learned and emerging questions resulting from the LINX projects encourage a more holistic view of the N cycle at the river network and landscape scale. For example, many standard N cycling diagrams within textbooks often omit DON. The LINX projects clearly demonstrate the de novo production of DON resulting from the addition of tracer levels of DIN and recent work points to a meaningful ecological role of DON in aquatic environments (Wymore et al., 2015; Kissman et al., 2017) . The field of aquatic biogeochemistry is thus poised to fully integrate the three main components of the total dissolved nitrogen pool: DON, NH + 4 , and NO − 3 . To fully understand the biogeochemical and microbial controls on N cycling, we must consider in greater detail other reactions within the N cycle that produce and remove DIN (Burgin and Hamilton, 2007) .
The innumerable insights offered through the LINX projects are in part due to the high-quality nature of the data sets, achieved through rigorous QA/QC protocols and thoughtful data curation. While the burgeoning domain of network science (e.g., National Ecological Observatory Network) offers the possibility of unique insights across both space and time, the LINX projects remind us of how a relatively low investment of research funds can result in high productivity and a high scientific output relative to investment. Such efforts can result in numerous unintended and unanticipated discoveries as new perspectives and questions are brought to bear. For example, the LINX II data set continues to offer fertile ground for discovery regarding freshwater ecosystems even though the projects formally ended ∼12-20 years ago (e.g., Wymore et al., 2016; Grant et al., 2018) . One of the essential features of the LINX projects was that the fundamental experimental platform was consistent and focused on collecting the broad suite of data needed to answer a set of specific questions about stream ecosystem function. This experimental design resulted in the ability to answer a wide range of questions (Mulholland et al., 2008; Grant et al., 2018 ) from a single data set. It also relied on understanding reach and network dynamics, something that is conspicuously absent from the single-point approach of measuring water quality exemplified by NEON (McDowell, 2015) . Development of future insights into stream nutrient dynamics at the continental scale must include both the watershed and network context to make meaningful contributions. Finally, in addition to the longterm productivity resulting from the initial investments, the LINX projects provided a unique and collaborative training ground for countless undergraduates, graduate students, and post-doctoral researchers. Collaboration among senior personnel set the stage for the collegial and inclusive environment that has proven essential for the development of the next generation of environmental scientists and ecosystem ecologists (Goring et al., 2014) .
